Cilia and flagella of eukaryotic cells are evolutionarily conserved organelles with a microtubule-based axoneme as a scaffold. To fulfil their functions in cellular motility, sensory reception and developmental signalling, cilia contain unique proteins, such as receptors and ion channels. The assembly and maintenance of cilia depend on protein trafficking mediated by intraflagellar transport (IFT) particles as well as on selective entry and exit of proteins across the transition zone, which is located at the ciliary base. Bidirectional movement of IFT particles, which are composed of IFT-A and IFT-B complexes, is powered by kinesin-2 and dynein-2 motors. The BBSome associates with IFT particles and probably mediates the ciliary trafficking of membrane proteins. Abnormal ciliary assembly and functions due to defects in IFT particle components lead to a wide spectrum of disorders, which are collectively called the ciliopathies. We here review the IFT machinery by associating the architecture of the IFT complexes and their motor and cargo proteins with their functions.
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Cilia and flagella, which are interchangeable terms in eukaryotes, are microtubule-based organelles that protrude from the surfaces of various eukaryotic cells and serve as cellular propellers and antennae. Motile cilia/ flagella are responsible for propelling cells, such as those of spermatozoa and protists, and for generating fluid flow over ciliated cells, such as mucus flow over airway epithelial cells and cerebrospinal fluid flow over ependymal cells. On the other hand, non-motile or primary cilia function as cellular antennae by sensing extracellular stimuli, and receiving and transducing developmental signals, such as Hedgehog (Hh) and Wnt signalling (1, 2) . Defects in the assembly and functions of cilia result in a variety of congenital disorders, such as BardetBiedl syndrome (BBS), Joubert syndrome (JBTS), Meckel syndrome, nephronophthisis (NPHP) and short-rib thoracic dystrophy (SRTD), which are collectively called the ciliopathies (3, 4) . These disorders cause a broad spectrum of symptoms, including retinal degeneration, polycystic kidney, polydactyly, brain and skeletal malformations, infertility, morbid obesity and mental retardation.
When cells enter the G 0 phase, one of the centrioles serves as the basal body beneath the plasma membrane to project the cilium; in other words, suppression of ciliogenesis is required for cells to proliferate. The cilium is composed of a microtubule-based scaffold, called the axoneme, which is surrounded by the ciliary membrane (Fig. 1A) . In most motile cilia, multiprotein complexes required for ciliary motility, including radial spokes (RSPs), inner dynein arms (IDAs) and outer dynein arms (ODAs), are associated with individual outer doublet microtubules of a conserved 9 + 2 axoneme (Fig. 1B) . On the other hand, primary cilia have a 9 + 0 axoneme without the motile protein complexes (Fig. 1C) .
Although the ciliary membrane is continuous with the plasma membrane, protein and lipid compositions within cilia differ greatly from those of the cell body, as the transition zone at the ciliary base serves as a diffusion/ permeability barrier (Fig. 1A) (5, 6) . In addition to structural components of the axoneme, various proteins are specifically localized within cilia and on the ciliary membrane, including G-proteincoupled receptors (GPCRs) and ion channels. Therefore, assembly and maintenance of cilia require selective import and export of proteins and their selective trafficking within cilia.
Intraflagellar transport (IFT) was first demonstrated in the green alga Chlamydomonas reinhardtii (7, 8) , and was subsequently extensively studied in metazoans (5, 9) . The IFT machinery, often referred to as IFT trains or particles (7), mediates bidirectional trafficking of ciliary proteins within cilia/flagella (10, 11) , as well as probably their import and export. A recent study of Chlamydomonas flagella using a combination of fluorescence and electron microscopy showed that IFT particles move anterogradely along B-microtubules of the outer doublets, whereas retrogradely along A-microtubules (Fig. 1A) (11) . Thus, this track discrimination appears to enable simultaneous trafficking of anterograde and retrograde particles without collision.
IFT particles contain the IFT-B complex, which comprises 16 subunits and mediates anterograde trafficking from the ciliary base to the tip assisted by kinesin-2 motor proteins, and the IFT-A complex, which comprises six subunits plus TULP3, and mediates retrograde trafficking powered by the dynein-2 complex (Fig. 1A) (5, 9, 12) . In addition to these complexes, the BBSome composed of eight BBS proteins (13) moves in association with the IFT particles (14) . The BBSome probably mediates not only entry into but also the removal of membrane proteins from cilia, by connecting them with the IFT-B complex (15, 16) .
In this review, we will focus on the IFT machinery that is essential for the assembly and maintenance of cilia as well as for ciliary functions. (17, 18) . Furthermore, the latter study showed that the large complex can be separated into two complexes, originally designated A and B (18) . Subsequent biochemical studies demonstrated several subunit interactions and the approximate architectures of the Chlamydomonas IFT-A and IFT-B complexes (1924).
The IFT-B complex. Binary interactions between IFT-B subunits were suggested by previous biochemical studies of Chlamydomonas IFT-B proteins; these include IFT25IFT27 (19, 21) , IFT46IFT52 (19, 23) , IFT52 IFT88 (19, 23) and IFT74IFT81 (20, 22) . In particular, the studies of Cole and colleagues and Lorentzen and colleagues suggested an IFT-B core subcomplex composed of IFT22/25/27/52/70/74/81/88 (19, 23) . Yeast two-hybrid and biochemical analyses of mammalian IFT-B proteins also suggested binary IFT-B subunit interactions, namely IFT20IFT54 and IFT20IFT57 (2527).
In subsequent X-ray crystallographic and biochemical analyses of Chlamydomonas, Tetrahymena and Kinesin-2, dynein-2 and the BBSome bind to the assembled particles. Subsequently, ciliary soluble cargo proteins, such as ab-tubulin dimers, are loaded onto the assembled particles, and membrane cargo proteins, such as GPCRs, are connected to the IFT-A complex via the BBSome or TULP3. The particles then enter the cilium across the transition zone and undergo processive anterograde trafficking along the axoneme powered by heterotrimeric kinesin-2, which moves along B-microtubules of the outer doublets. At the ciliary tip, IFT particles are thought to disassemble to release cargo proteins, and kinesin-2 undergoes inactivation, which may involve phosphorylation. IFT particles are then reassembled and cargos are loaded, and the assembled particles undergo retrograde trafficking powered by dynein-2, which moves along A-microtubules. The particles exit the cilium across the transition zone and are disassembled. (B and C) Cross-sections of a typical motile cilium/flagellum with a 9 + 2 axoneme (B) and of a primary cilium with a 9 + 0 axoneme (C). In a motile cilium, IDAs, ODAs and RSPs are attached to the outer doublets to generate its bending motion.
human IFT-B proteins by Lorentzen and colleagues clarified the molecular basis of some of the binary interactions (IFT25IFT27 and IFT74IFT81) (28, 29) , and demonstrated a partial subcomplex involving IFT46, IFT52, IFT70 and IFT88 (30) . IFT27 (also known as RABL4 and BBS19) is a Rab-like small GTPase, but interacts with IFT25 via an interface located on the opposite side of the GTP-binding pocket (28) . Thus, IFT27/RABL4 appears to have the potential to bind some effector molecules via the GTPbinding pocket even when it forms a dimer with IFT25. IFT74 and IFT81, which form a tight complex via their coiled-coil regions, bind to the ab-tubulin dimer via their N-terminal regions (29) . These data indicate that the IFT-B complex directly participates in trafficking of the ab-tubulin dimer, which is a building block of the axonemal microtubules (Fig. 1A) .
Our recent biochemical analysis using the visible immunoprecipitation (VIP) assay (31), biochemical and X-ray crystallographic analyses of Lorentzen and colleagues (32) , and interactome analysis of Boldt et al. Table I ). The core subcomplex can be further separated into the core-1 (B1-1) subgroup (IFT22/25/27/74/81) and the core-2 (B1-2) subgroup (IFT46/52/56/70/88). The core and peripheral subcomplexes are connected by composite interactions involving IFT38, IFT52, IFT57 and IFT88 (3133).
The IFT-A complex. Until recently, the architecture of the IFT-A complex was not fully understood. Cole and colleagues proposed an architecture via their analyses of Chlamydomonas proteins, namely, a stable complex containing IFT122, IFT140 and IFT144, with which IFT43 and IFT139 are loosely associated (24). On the other hand, Mukhopadhyay et al. showed that the mammalian IFT-A complex can be associated with the ciliary membrane via interacting with TULP3 (34), which is a Tubby family protein and binds to PtdIns(4,5)P 2 via its Tubby domain. The same study also suggested that mammalian IFT122, IFT140 and IFT144 constitute the IFT-A core (34) .
By taking advantage of the VIP assay, we recently demonstrated the overall architecture of the IFT-A complex ( Fig. 2 and Table I ) (35) . In the predicted architectural model, IFT122, IFT140, and IFT144 form the core subcomplex, and IFT43 and IFT121 form a dimer, which interacts with the core via IFT122; the interaction map is largely consistent with the previously proposed Chlamydomonas IFT-A model (24). IFT139 interacts with the IFT43IFT121 dimer, whereas TULP3 interacts with the core subcomplex. Thus, IFT139 and TULP3 are located on opposite sides of the IFT-A complex.
The BBSome. Nachury et al. purified the BBSome and showed that it consists of seven subunits (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8 and BBS9) (36) , all of which are encoded by the causative genes of BBS. They later demonstrated that BBS18 (also known as BBIP10) is also included in the BBSome (37). Nachury and colleagues further proposed that the BBSome constitutes a coat protein complex and mediates targeting of membrane proteins to cilia (38) for the following reasons: (i) BBSome subunits share structural elements with subunits of the COPI, COPII and clathrin-adaptor complexes; and (ii) the ARF-like GTPase ARL6/BBS3 participates in membrane recruitment of the BBSome, which is similar to the relationship between ARF/SAR1 GTPases and the COPI/COPII/clathrin-adaptor complexes. However, the overall architecture of the BBSome was still incompletely understood (36, 39) .
Using the VIP assay, we delineated the overall architecture of the BBSome (13) (Fig. 2 and Table I ). In our predicted model, BBS1, BBS2, BBS7 and BBS9 constitute the core subcomplex. In the BBSome, BBS9 serves as a hub as it also interacts with BBS5 and BBS8. BBS5 probably mediates membrane association of the BBSome via its pleckstrin homology domain (36) . BBS8 interacts with BBS18, and BBS18 in turn interacts with BBS4. BBS4 interacts with the centriolar satellite protein PCM1 and recruits the entire BBSome complex to the centrosome (13) . In view of the fact that components of the BBS-chaperonin complex (BBS6, BBS10 and BBS12) required for assembly of the BBSome are found around the basal body (39), it is likely that the BBSome is assembled around the centrosome/basal body.
Interactions of IFT particles with cargo proteins Although many proteins have been reported to move within cilia (40) , only a few proteins have been demonstrated to be trafficked inside cilia by their binding to IFT particles. and BBSome complexes predicted from our analysis using the VIP assay (13, 31, 35 ).
Intraflagellar transport machinery
-Tubulin dimer. In growing cilia, the ab-tubulin dimers are trafficked toward the ciliary tip to lengthen the axonemal microtubules (41, 42) . Lorentzen and colleagues first provided insight into how the ab-tubulin dimer is recognized as a cargo of IFT particles (29) . The N-terminal NDC80-NUF2 calponin homology 
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Lorentzen and colleagues then showed that the NN-CH domain of IFT54 is also able to bind ab-tubulins with an affinity comparable to that of IFT74IFT81 (32) , although a recent study suggested that IFT54 is dispensable for tubulin trafficking during ciliogenesis (44) .
ODA proteins. In motile cilia (Fig. 1B) , ODAs, IDAs and RSPs, as well as tubulins, must be specifically trafficked. Witman and colleagues showed that a Chlamydomonas mutant strain expressing N-terminally truncated IFT46 has flagella that lack ODAs (45). Consistently, a direct interaction of IFT46 with the ODA adaptor protein ODA16 was demonstrated (46) , and the N-terminal region of IFT46 was found to be required for its ODA16 binding (47) .
KIF17. Because KIF17 is localized mainly at the ciliary tip in mammalian cells and a KIF17 construct lacking the motor domain retains the ability to reach the tip, it is likely that KIF17 is a cargo of IFT particles (48) . We recently demonstrated that KIF17 interacts with the IFT-B complex via the IFT46IFT56 dimer, and that it enters cilia in a manner dependent on its binding to IFT-B as well as on its nuclear localization signal (48) .
Other interacting proteins. We have shown that the small GTPase ARL13B/JBTS8 interacts with the IFT-B complex via the IFT46IFT56 dimer (49) . However, the physiological relevance of the interaction is currently unclear, since ciliary localization of ARL13B is independent of IFT-B and vice versa. We have also shown that another small GTPase, RABL2, interacts with the IFT-B complex via IFT74IFT81 (50) . RABL2 is localized at the basal body and is likely to regulate the assembly and/or ciliary entry of the IFT-B complex.
Trafficking of IFT particles powered by motor proteins Kinesin-2 is required for the anterograde movement of IFT particles from the ciliary base to the tip. On the other hand, the dynein-2 protein complex drives IFT particles in the retrograde direction (Fig. 1A) (51) . These motors appear to move along distinct tracks of the axonemal microtubules, at least in Chlamydomonas flagella; anterograde IFT particles move along Bmicrotubules of the outer doublets, whereas retrograde particles move along A-microtubules (Fig. 1A) (11) . In this section, we focus on the roles of kinesin-2 and dynein-2, as these motors are directly involved in the trafficking of IFT particles. In addition to these motors, KIF7, a member of the kinesin-4 family, participates in ciliary functions. KIF7 is localized mainly at the ciliary tip, and is thought to regulate retrograde trafficking of Hh signalling components (5153).
Mutations of the KIF7 gene therefore result in the ciliopathies, including JBTS (51).
Kinesin-2. There are two types of kinesin-2. One is heterotrimeric kinesin-II composed of KIF3A, KIF3B/ KIF3C and KIFAP3 (FLA10, FLA8 and FLA3 in Chlamydomonas; and KLP-20, KLP-11 and KAP-1 in Caenorhabditis elegans), and the other is homodimeric KIF17 (OSM-3 in C. elegans; Chlamydomonas lacks a KIF17 ortholog) (Table I) (51, 54) . In cilia of the sensory neurons of C. elegans, heterotrimeric kinesin-II participates in IFT in the axoneme proximal/middle segment comprising doublet microtubules, whereas homodimeric OSM-3 mediates IFT in the distal segment comprising singlet microtubules (55, 56) .
KIF3A, KIF3B and KIFAP3 form a heterotrimeric complex, where the former two serve as motors. We recently showed using the VIP assay that the heterotrimer interacts with the IFT-B complex via the interface between the core and peripheral subcomplexes (our unpublished results). Knockout (KO) of the Kif3a or Kif3b gene in mice leads to a no cilia phenotype (57, 58) , indicating the crucial role of heterotrimeric kinesin-II in the trafficking of essential components of the ciliary axoneme, such as the abtubulin dimer.
In vertebrate cilia, the role of KIF17 is controversial. Morpholino knockdown of Kif17 and expression of dominant-negative Kif17 in zebrafish embryos were reported to cause a mild defect in morphogenesis of the photoreceptor outer segment (59, 60) . Subsequent studies, however, showed that Kif17-KO zebrafish and mice are normal with respect to the assembly of photoreceptors and other cilia (6163). Furthermore, we recently showed that disruption of the KIF17 gene in human telomerase reverse transcriptase-immortalized retinal pigmented epithelial (hTERT-RPE1) cells does not apparently affect ciliary assembly or protein trafficking within cilia (48) . On the other hand, we have shown that a motor-less KIF17 construct can reach the ciliary tip and that KIF17 molecules are localized to the ciliary tip in an IFT-Bdependent manner (48) . Thus, our data suggest that at least in mammalian cells, KIF17 is dispensable for IFT-B trafficking, but is an anterograde cargo of IFT-B.
Dynein-2. There are two cytoplasmic dynein complexes. One is dynein-1, which participates in organelle dynamics, chromosome segregation, etc. The other is dynein-2, which powers IFT particles in ciliary retrograde protein trafficking. Dynein-1 and dynein-2 share a set of light chain subunits, namely, DYNLL1/ DYNLL2, DYNLT1/DYNLT3 and DYNLRB1/ DYNLRB2 (64). The dynein-2 complex also contains unique subunits; a heavy chain (DYNC2H1) that contains AAA+ domains and is responsible for motor activity, two intermediate chains (WDR34 and WDR60), a light-intermediate chain (DYNC2LI1) that associates with the heavy chain and a light chain (TCTEX1D2) (64) . Mutations in the dynein-2specific subunits are known to cause skeletal ciliopathies, SRTDs (Table I) (65) .
By analysis of the interactome of WDR34, Stephens and colleagues defined the composition of the dynein-2 complex and proposed its rough architecture (64) . By taking advantage of the VIP assay, we have demonstrated that the intermediate chains WDR34 and WDR60 interact with specific sets of light chains, and that the subcomplexes of the intermediate and light chains in turn interact en bloc with the H1 subcomplex containing the heavy-and light-intermediate chains (Table I) 
(our unpublished results).
Relationships between the positions of subunits within the complexes and phenotypes of their knockout/knockdown cells The functions of the components of IFT particles have been predicted from the phenotypes of organisms with mutations in the corresponding genes, including Chlamydomonas, C. elegans, zebrafish and mice, as well as in humans. Analyses of cells derived from KO mice as well as KO cells established using the CRISPR/Cas9 strategy, in conjunction with the architectural models of the IFT-A, IFT-B and BBSome complexes, have provided valuable insights into the roles of individual subunits in the complexes. We here focus on the roles of components of IFT particles in mammalian cells.
The IFT-B complex and the BBSome. Consistent with the phenotypes of Ift20-, Ift38-and Ift88-mutant mice (31, 6668) , KO lines of these IFT-B subunits, which we established from hTERT-RPE1 cells, have severe ciliogenesis defects ( Fig. 3B and Table I ) (69) (our unpublished results). In view of the positioning of these subunits in the IFT-B complex (Fig. 2) (31) , it is likely that the functional IFT-B complex cannot be assembled in the absence of any of these subunits, and thereby that the ab-tubulin dimers, which are building blocks of the axoneme, cannot be imported into cilia.
On the other hand, RPE1 cells with a defect in IFT22, IFT27 or IFT56 (48, 69) (our unpublished results) as well as cells derived from Ift25-or Ift27-KO mice (15, 70) and those from Ift56-mutant mice (71, 72) can form apparently normal cilia, although the ciliary axoneme of Ift56-mutant cells is somewhat abnormal at the electron microscopic level (71) , and the sperm of Ift25-KO mice have abnormal flagella (73) . Consistent with their positioning in the IFT-B complex (Fig. 2) , these data suggest that none of these subunits is required for assembly of the functional IFT-B complex or for IFT-Bmediated tubulin trafficking. However, localization and trafficking of the BBSome and components of the Hh signalling, including Smoothened (SMO) and GPR161, are impaired in Ift25-KO or Ift27-KO cells (15, 70) (our unpublished results). Subunits of the BBSome and the ARL6/BBS3 GTPase, which interacts with BBS1, are found at very low levels within cilia in control cells, whereas these BBS proteins are accumulated to high levels within cilia in Ift25-KO and Ift27-KO cells. In control cells, SMO is not found within cilia under basal conditions and enters cilia upon stimulation with Smoothened Agonist (SAG), whereas GPR161 is localized within cilia under basal conditions and exits cilia upon SAG stimulation. In Ift25-KO and Ift27-KO cells, however, SMO is localized within cilia even under basal conditions, and GPR161 fails to exit cilia upon SAG stimulation (Fig. 3C) . As essentially the same defects in the localization of these GPCRs are observed in cells defective in the BBSome, and in the BBSome regulators, LZTFL1/BBS17 and ARL6/BBS3, Pazour and colleagues, and Nachury and colleagues proposed that the IFT25IFT27 dimer regulates retrograde trafficking and/or the exit of GPCRs from cilia mediated by the BBSome (15, 16).
The IFT-A complex, TULP3 and the BBSome. RPE1 cell lines defective in peripheral (IFT139) and core (IFT144) subunits of the IFT-A complex demonstrated distinct phenotypes with respect to the localization of other IFT-A subunits, the BBSome, SMO and GPR161 (35) . In IFT139-KO RPE1 cells, residual IFT-A subunits, IFT-B subunits and BBSome subunits are accumulated at the bulged ciliary tips, SMO is found within cilia even under basal conditions, and GPR161 fails to exit cilia when the cells are stimulated with SAG (Fig. 3D) . In stark contrast, in IFT144-KO cells, although IFT-B subunits are accumulated at the bulged tips, residual IFT-A subunits, BBSome subunits, SMO and GPR161, as well as other ciliary GPCRs fail to enter cilia (Fig. 3E) . On the other hand, Mukhopadhyay and colleagues reported that cells depleted of TULP3 by RNAi demonstrate virtually the same phenotype as that of IFT144-KO cells (34, 74) ; this is in line with our data that TULP3 interacts with the IFT-A core subcomplex containing IFT144.
These observations demonstrate distinct roles of IFT139 and IFT144 in the IFT-A complex. IFT139, which is the most peripherally associated subunit, is dispensable for assembly of the IFT-A complex but is essential for retrograde trafficking of IFT particles composed of the IFT-A, IFT-B and BBSome complex (Fig. 3D) . On the other hand, IFT144, a core subunit, is essential for assembly of the IFT-A complex and ciliary entry of the BBSome, but dispensable for anterograde trafficking of the IFT-B complex (Fig. 3E) . Our observations also suggest that the BBSome is essential for retrograde trafficking and/or the ciliary exit of GPCRs, including SMO and GPR161 (Fig. 3F) .
Perspectives
Despite recent advances in our understanding of the architectures and functions of individual components of the IFT machinery, as described in this review article, little is known about how the IFT-A, IFT-B, and BBSome complexes and motor proteins cooperate to mediate ciliary protein trafficking; for example, interactions between these complexes or those between these complexes and motor proteins have not been directly demonstrated. Furthermore, it is poorly understood as to how entry into and exit from cilia of IFT particles via the transition zone are regulated and how turnaround of IFT particles at the ciliary tip is regulated. Integrative methods will provide answers to how these large protein complexes assemble and work together to mediate ciliary trafficking.
